Research suggests that neighborhood characteristics influence cardiovascular health. 1 Neighborhood crime, or lack of perceived safety, may lead to adverse cardiovascular outcomes through chronic stress. 2 Chronic stress leads to prolonged activation of the sympathetic nervous system and secretion of stress hormones in response to repeated exposure to stressful situations. 3 Long-term dysregulation of stress hormones leads to inflammation and endothelial dysfunction, which may adversely impact blood pressure (BP). 3, 4 In addition, exposure to neighborhood crime may adversely influence health behaviors, such as by discouraging residents of those neighborhoods from engaging in physical activity, 5-7 or promoting unhealthy behaviors as coping mechanisms to deal with stress.
of perceptions and objective neighborhood characteristics. In addition, prior studies have not examined associations of within-person changes in perceived safety or policerecorded crime with within-person changes in BP. This approach, accomplished by fixed-effects modeling, 14 controls for all participant characteristics (both measured and unmeasured) that remain constant over time.
This study examines longitudinal associations of within-person changes in individual-and neighborhood-level perceived safety and police-recorded crime rates with within-person changes in BP in the Multi-Ethnic Study of Atherosclerosis overall. We hypothesized that increases in individual-level perceived safety and neighborhood-level perceived safety would be associated with reductions in BP, and that increases in police-recorded crime would be associated with increases in BP. As some prior studies have found differences by sex in associations of crime/safety with other cardiometabolic outcomes, 15, 16 we examined associations overall and by sex.
MATERIALS AND METHODS

Study population
The Multi-Ethnic Study of Atherosclerosis (MESA) is a multi-site cohort study of 6,814 US adults aged 45-84 at enrollment. The cohort includes self-identified White, African-American, Hispanic, and Chinese-American adults who were free of cardiovascular disease (CVD) at baseline and were recruited from six US sites. 17 The MESA Neighborhood Study is an ancillary study which assessed neighborhood exposures and geocoded all residential addresses of MESA participants who agreed to participate. Our analysis included participants in the Neighborhood Study whose addresses were geocoded to the street-level or zip+4 centroid and who lived within the city limits of Chicago, as detailed police-recorded crime data were only available for this site (N = 855). Participant exam-years were excluded due to missing outcome (n = 4 exam-years), exposure (n = 39 exam-years), or covariate (n = 159 exam-years) data. In addition, we excluded those with hypertension at baseline to remove the potential for confounding by baseline hypertension status (N = 305), for a final sample size of 528 participants.
Blood pressure
Systolic and diastolic BP (SBP, DBP) were measured at each exam following a standard protocol. Participants rested for 5 minutes and then three measurements were taken at 2-minute intervals using an automated oscillometric sphygmomanometer. 18 The second and third measurements were averaged and this value was used for analysis. To account for treatment effects of antihypertensive medication use, we added 10 mm Hg to the observed SBP and 5 mm Hg to the observed DBP values among participants reporting antihypertensive medication use. This approach was found in simulation studies to reduce bias and loss of power relative to other strategies for handling treatment effects. 19 In a sensitivity analysis, we used the observed BP values and adjusted for antihypertensive medication use as a covariate.
Neighborhood perceived safety
Neighborhood perceived safety was assessed via questionnaire. Respondents rated an area within a 20-minute walk (approximately 1 mile) of their residence using two questions: "I feel safe walking in my neighborhood, day or night" and "Violence is not a problem in my neighborhood". Response options were Likert-scaled from 1 (strongly agree) to 5 (strongly disagree), and the scale was found to have acceptable internal consistency and reliability. 13 These measures were assessed twice from MESA participants (in 2003-2005 and 2010-2011) . For exams at which perceived safety was not assessed, the score was imputed from the exam closest in time. To examine associations of individual-level perceived safety with outcomes, we averaged the responses to these two survey questions.
We aggregated individual-level perceived safety ratings to create summary measures at the neighborhood (census tract)-level. Aggregating individual-level neighborhood perceptions avoids the issue of same-source bias, in which individuals self-report both exposure and health outcomes and their health status affects how they report the exposure or vice versa. 20 To create neighborhood measures, an independent sample of community raters living in the same census tracts as MESA participants were recruited using random digit dialing or list-based sampling. 13 These community raters completed the neighborhood safety ratings in 2004 and 2011-2012. Neighborhood safety ratings of MESA participants and community raters were aggregated to the census tract-level using empirical Bayesian estimation. 13 Standardized z-scores for individual-level and neighborhood-level perceived safety were calculated for each participant by centering at the mean and dividing by the standard deviation (SD) across all time points.
Neighborhood crime
Police-recorded crime data from 2001-2012 was obtained from the City of Chicago Data Portal, 21 which contains data on all police-recorded crimes occurring within the Chicago city limits. Crime locations are geocoded to 100th block centerlines, and information on the date and crime type are available. For 1999-2000, similar police-recorded crime data were obtained from the Chicago police department. As described in previous work, 5, 15, 22 crime types were categorized based on Illinois Uniform Crime Reporting codes into four categories: homicide, assault/battery, criminal offenses (e.g., robbery, sexual assault), and incivilities (e.g., vandalism, drug crimes). Crimes occuring in an airport/airplane were excluded.
At each exam, 1-year normalized crime rates were calculated. Using ArcGIS version 9.1 (Esri, Redlands, CA), the total number of crime incidents within a 1 mile buffer around participant addresses in the year before the exam date was calculated (numerator). This rate was divided by the total buffer population (based on census block-level population). For each block, a weight was calculated reflecting the percentage of the block area that fell within the participant buffer. This weight was multiplied by the total population within the block, and the weighted block populations were summed to calculate the total population within the 1 mile buffer. Population counts were obtained from the US census. Crime rates were multiplied by 1,000 to reflect the crime rate per 1,000 persons. We assessed sensitivity of results to alternative buffer sizes of a ½ and ¼ mile (a ¼ mile is equivalent to a 2-block radius in Chicago).
Covariates
Time-invariant covariates included baseline age, sex, race/ethnicity, education, and duration of residence in the neighborhood (Table 1) . Time-varying covariates included marital status, income, alcohol use, smoking status, waist circumference, physical activity, 23 diabetes, 24 hyperlipidemia, whether participants have moved since the last exam, and neighborhood socioeconomic status 12 (Table 1) .
Statistical analysis
We used Spearman correlation coefficients to calculate correlations of individual-level perceived safety, neighborhood-level perceived safety, and police-recorded crime at each exam. In statistical models, the three exposures were modeled separately, then subsequently included together in fully-adjusted models. To examine associations of within-person changes in individual-level perceived safety, neighborhood-level perceived safety, and police-recorded crime with within-person changes in BP, we used econometric fixed-effects models. Fixed-effects models use only within-person variation in exposures and outcomes and tightly control for all time-invariant personspecific characteristics (measured and unmeasured). 14 As Figure 1) , the relationship between BP and follow-up time was modeled using piecewise linear splines with knots at 1.6 years (average follow-up time at exam 2) and 4.8 years (average follow-up time at exam 4). Model fit statistics indicated this relationship fit the data better than other parameterizations (Supplementary Table 1 ).
As fixed-effects models inherently control for time-invariant covariates, models included only time-varying covariates (follow-up time, marital status, income, alcohol use, smoking, waist circumference, physical activity, diabetes, hyperlipidemia, moving since last exam, and neighborhood SES). However, interactions between time-invariant covariates (baseline age, sex, race, education, and neighborhood duration) and the time splines were tested to determine whether BP trajectories varied by these factors. As none were found to be significant (all P > 0.05), we did not retain them in final models. We tested for differences by sex in all models by including an interaction between each neighborhood exposure and sex. As significant interactions were found, we present sex-stratified results. We also tested for an interaction by whether or not participants moved during the study period, and found none (P-interaction ≥ 0.5 for all models). All analyses were completed in Stata version 14.2 (StataCorp, College Station, TX).
RESULTS
The study population of 528 participants was followed for an average of 9.0 years. At baseline, the study population was 63.5% non-Hispanic white, 24.2% non-Hispanic black, and 12.3% non-Hispanic Chinese, and 54.9% women ( Table 2) . The population-level mean SBP increased from 114.4 mm Hg at baseline to 120.1 mm Hg by year 10 (2010-2012) . Mean DBP increased from 69.0 mm Hg to 70.6 mm Hg. Total crime rates per 1,000 persons within a 1 mile radius of participants' home declined from 91.2 at baseline to 65.9 by year 10. The average individual-level perceived safety declined from 3.7 to 3.6 (scaled 1-5 with higher values reflecting greater perceived safety), while mean neighborhood-level perceived safety score declined from 3.6 to 3.5. A total of 113 participants (21.4%) had at least a 1 SD change in individual-level perceived safety, while 57 (10.8%) had at least a 1 SD change in neighborhood-level perceived safety, and 350 (66.3%) had a change in police-recorded crime rate of at least 10 per 1,000 persons per year. Spearman correlation coefficients ranged from 0.48 to 0.58 for individual-level and neighborhood-level perceived safety, −0.09 to −0.26 for individual-level perceived safety and police-recorded crime, and −0.11 to −0.41 for neighborhood-level safety and crime.
A 1 SD increase in individual-level perceived safety was associated with a within-person reduction in SBP of −1.54 mm Hg (95% confidence interval [CI]: −2.83, −0.25) ( Table 3 ). The association was stronger for women than for men (P-interaction: 0.03), with a reduction of −3.06 mm Hg (95% CI: −4.95, −1.17) among women and −0.61 mm Hg (95% CI: −2.35, 1.13) among men. For DBP, an increase in individual-level perceived safety was associated with a reduction for women only (P-interaction: 0.003). For neighborhood-level perceived safety, a 1 SD increase was associated with a reduction in SBP of −0.78 mm Hg (95% CI: −2.26, 0.69) and an increase in DBP of 0.14 mm Hg (95% CI: −0.59, 0.88), although confidence intervals were wide. Results did not differ significantly by sex (P-interaction: 0.6 and 0.09, respectively).
For police-recorded crime, an increase of 10 crimes per 1,000 persons in a 1 mile buffer was associated with withinperson reductions in SBP and DBP of −0.25 mm Hg (95% CI: −0.60, 0.10) and −0.08 mm Hg (95% CI: −0.25, 0.10), respectively, although confidence intervals overlapped the null (Table 3) . Associations differed by sex (P-interaction <0.001 for SBP and 0.001 for DBP). Among men, an increase in crime was associated with increases in both SBP and DBP with wide confidence intervals. Among women, an increase in crime was associated with a reduction of −0.83 mm Hg (95% CI: −1.36, −0.30) in SBP and −0.25 mm Hg (95% CI: −0.50, −0.01) in DBP. However, results were sensitive to the size of the neighborhood buffer used. When the crime area buffer was reduced to a ½ or ¼ mile, an increase in crime was no longer associated with a significant reduction in BP among women (Table 4) .
Results were similar in models that simultaneously included all three neighborhood exposures (Tables 3 and 4 ). In addition, patterns were similar in sensitivity analyses that used the original recorded BP and adjusted for antihypertensive medication use (Supplementary Tables 2 and 3 ).
DISCUSSION
Neighborhood-and individual-level perceived safety and police-recorded crime rates may influence BP through chronic stress, yet few studies have examined these associations. In a multiethnic cohort, an increase in individual-level perceived safety was associated with a decrease in SBP for the overall population, and with a decrease in DBP among women only. In contrast, change in neighborhood-level perceived safety was not associated with BP change. An increase in police-recorded crime was associated with a reduction in SBP and DBP among women, in contrast to the study hypothesis. However, this finding was attenuated when altering the neighborhood buffer.
Few studies have examined associations of neighborhood crime/safety with BP or hypertension. Prior work in MESA found no association of neighborhood-level safety with prevalent or incident hypertension. 10, 12 However, neither study examined individual-level perceived safety or police-recorded crime. Two prior studies found individuallevel perceived crime/safety were not associated with crosssectional differences in BP among African Americans. 9, 11 Our findings that an increase in individual-level perceived safety was associated with within-person reductions in SBP suggests that improvements in perceived safety may be particularly relevant for BP changes. It is possible that individuals may adapt to a stressful environment, but that a change in the environment (due to moving to a new neighborhood or due to changes in their present neighborhood) may affect stress and downstream health outcomes. More research is needed to elucidate the specific mechanisms of effect of neighborhood change. Our finding that increases in police-recorded crime rates were associated with reductions in BP among women was contrary to our hypothesis and surprising given the strong association of individual-level safety with SBP reduction. The reason for this association is unclear, but its attenuation upon reducing the neighborhood buffer size suggests this finding is not very robust. Objectively measured crime may not align well with individuals' perceptions of neighborhood safety, and individual perception of safety may be more strongly linked to stress-related cardiometabolic effects than actual crime rates. Prior studies have found low levels of agreement between perceived and objective measures of crime/ safety, [25] [26] [27] and these measures were not highly correlated in our study. While individual perceptions are potentially subject to same-source bias, 20 their importance for health outcomes is supported by prior work in MESA, where changes in perceived individual-level safety were more strongly associated with changes in BMI and waist circumference than police-recorded crime, 15 and more strongly associated with changes in depressive symptoms than neighborhood-level safety. 28 The mechanism by which perceived safety may influence BP is not explicitly known. One potential pathway is through prolonged activation of the hypothalamic-pituitary-adrenal axis and secretion of stress hormones. 3 Long-term dysregulation of stress hormones can result in inflammation and endothelial dysfunction, and subsequently higher BP levels. 3, 4 Perceptions of an unsafe neighborhood may also deter residents from engaging in physical activity in their neighborhood or could encourage unhealthy coping mechanisms like smoking. We found associations of perceived safety with reduced SBP among MESA participants after controlling for physical activity, smoking, and alcohol use. However, more longitudinal research on stress-related biomarkers is needed to fully support the biological stress mechanism.
The stronger association between individual-level perceived safety and BP among women than men in our study might be explained by sex differences in stress response. Psychological distress has been shown to mediate associations between neighborhood safety and obesity, 29 and a similar process might be at work for BP. Women may experience greater fear of crime in response to perceived neighborhood risks, 30 which may increase the level of psychological distress experienced due to living in a neighborhood perceived to be unsafe. In addition, sex hormones regulate the hypothalamic-pituitary-adrenal axis response to psychological stress differently between men and women, 31 which might explain the differences observed in our study. The magnitude of SBP reduction associated with an increase in individual-level perceived safety in our study suggests that interventions that increase individuals' perceived neighborhood safety could have a meaningful impact on CVD. SBP is more strongly related to CVD incidence than DBP among middle-aged and older adults. 32 In addition, a prior study evaluating the impact of a hypothetical population-level intervention estimated that a 1 mm Hg reduction of SBP would reduce incidence of coronary heart disease by approximately 10 events per 100,000 population. 33 Thus, even relatively small changes in SBP may be clinically meaningful in terms of CVD prevention.
Strengths of this study include longitudinal data with multiple domains of neighborhood safety and crime measured at multiple time points, and the diverse sample of middle-aged to older adults. This study is also subject to several limitations. First, while fixed-effects models prevent confounding by unmeasured time-invariant factors, they do not eliminate residual confounding due to time-varying unmeasured factors (e.g., other neighborhood characteristics such as the built environment). Second, selection bias may have occurred if loss to follow-up differed by both BP and neighborhood safety/crime. Third, the survey-based neighborhood safety measures were only available at two time points. While this enabled us to estimate changes, we assigned measures at exams where this information was not collected based on the closest time point. This may have led to misspecification of the neighborhood environment in these unmeasured time points and may have reduced the amount of change we were able to capture. The crime data in this study did not capture crime incidents that were not reported to the police. In addition, reasons for the unexpected association of police-recorded crime with a reduction in BP among women remained unclear. Finally, as our analysis included only MESA participants in Chicago, results may not generalize to other geographic locations.
CONCLUSIONS
In a multi-ethnic cohort of middle-aged to older adults, increases in individual-level perceived safety were associated with within-person reductions in SBP overall, and with DBP among women. Associations for police-recorded crime were The Multi-Ethnic Study of Atherosclerosis (MESA), Chicago, Illinois, 2000-2012. *P < 0.05. a Estimated using linear fixed-effects models with subject-specific fixed effects. Models adjusted for time since baseline as two-knot piecewise linear splines, and the following time-varying covariates: marital status, household income, smoking status, alcohol use, waist circumference, total physical activity, diabetes, hyperlipidemia, neighborhood socioeconomic status, and moving before the exam. Neighborhood exposures were first modeled separately ("single exposure models") and subsequently models were run including all three neighborhood exposures ("fully adjusted models…").
b Per standard deviation increase. Higher score indicates greater perceived neighborhood safety. c Per 10 crime increase. d P values for neighborhood exposure × sex interactions: Systolic blood pressure: individual perceived safety: P = 0.03, neighborhood safety: P = 0.6, total crime: P < 0.0001. Diastolic blood pressure: individual perceived safety: P = 0.003, neighborhood safety: P = 0.09, total crime: P = 0.001. inconsistent. Results suggest individual perceptions of safety differ from police-recorded crime, and support the development of evidence-based approaches to improve neighborhood safety and engage residents in the process order to improve their perceptions of neighborhood safety. The Multi-Ethnic Study of Atherosclerosis (MESA), Chicago, Illinois, 2000-2012. *P < 0.05. a Estimated using linear fixed-effects models with subject-specific fixed effects. Models adjusted for time since baseline as two-knot piecewise linear splines, and the following time-varying covariates: marital status, household income, smoking status, alcohol use, waist circumference, total physical activity, diabetes, hyperlipidemia, neighborhood socioeconomic status, and moving before the exam. Neighborhood exposures were first modeled separately ("single exposure models") and subsequently models were run including all three neighborhood exposures ("fully adjusted models…").
b Per 10 crime increase. c P values for neighborhood exposure × sex interactions: Systolic blood pressure: 1 mile radius: P < 0.0001; ½ mile radius: P = 0.007; ¼ mile radius: P = 0.1. Diastolic blood pressure: 1 mile radius: P = 0.001; ½ mile radius: P = 0.1; ¼ mile radius: P = 0.9.
